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The Pauli exclusion principle is the fundamental law underpinning the structure of matter. Due to
their anti-symmetric wave function no two fermions can occupy the same quantum state. It has been
predicted that this leads to the formation of striking geometric structures, termed Pauli Crystals,
when confining fermions in some potential. In contrast to true crystalline phases, these unique
high-order density correlations emerge even without any interactions present. Here, we report the
direct observation of Pauli Crystals in a system of ultracold atoms, confined to a two-dimensional
harmonic oscillator potential. The measurement relies on a single-atom sensitive imaging scheme
in momentum space. Our work lays the foundation for future studies of correlations in strongly
interacting systems of many fermions.
INTRODUCTION
Strong correlations between fermions lie at the heart
of many open questions concerning quantum matter that
remain unresolved to this day. Examples include quark-
gluon plasmas, strange metals or high temperature su-
perconductors. Knowledge of the type and origin of cor-
relations, especially of higher orders, is an essential cor-
nerstone in the endeavor of solving these complex many-
body systems [1, 2]. One particular case where strong
spatial correlations between particles emerge are crys-
talline phases. There are several systems where this kind
of self-ordering of particles has been observed. Coulomb
crystals formed in ion traps are one of the most prominent
examples [3, 4]. Recently, the first direct observation of
a Wigner crystal in the charge density of the electrons
in a one-dimensional carbon nanotube has been reported
[5]. Further intriguing examples include dipolar quan-
tum gases [6], Rydberg atoms [7] or Bose-Einstein con-
densates in optical cavities [8]. All of these systems have
in common that the emergence of geometric structures is
driven by the competition of repulsive interactions with a
confining force. Wigner crystals, for instance, form when
the Coulomb repulsion of electrons dominates over their
kinetic energy at low enough temperatures [9].
There is also a much more fundamental mechanism
that can lead to the arrangement of identical fermions
into spectacular geometric structures even in the absence
of interactions: their indistinguishability [10, 11]. Pauli’s
exclusion principle prevents any two identical fermions
from occupying the same state and leads to self-ordering
of the particles in a confining potential. These so-called
Pauli Crystals are fundamentally different from true crys-
talline phases. They are are expected to exhibit unique
spatial correlations that are clearly distinct from those
in interaction-driven patterns, such as Coulomb crystals
[11].
Charge-driven crystals as encountered in trapped ion
systems are typically dominated by very strong Coulomb
interactions. Crystal order can therefore form at rela-
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FIG. 1. Sketch of the experimental Setup. The atoms
are trapped in a single layer of an attractive optical lattice
superimposed with a tightly focused optical tweezer (a, top).
The degeneracy of the effectively two-dimensional harmonic
confinement leads to the formation of a non-trivial shell struc-
ture (a, bottom). Binarized image of the N = 6 closed shell
system taken with a single photon-counting EMCCD camera
after a time-of-flight expansion (b). We extract the atom mo-
menta by searching for local maxima in the lowpass-filtered
image (c). All momenta are plotted in natural units of the
harmonic oscillator confinement. To reveal correlations be-
tween the particles we subtract the center of mass motion (1)
and rotate to a common symmetry axis (2).
tively high temperatures, where the particles are essen-
tially classical and their quantum statistics do not play a
role. This dominance of Coulomb interactions makes ion
crystals very susceptible to potential imperfections and
generally leads to spontaneous breaking of translational
symmetry [3–6]. Considerable effort has to be made to
suppress such effects and to prevent an undesired local-
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FIG. 2. Pauli Crystal measurements with N = 3 and N = 6 particles. A 2D histogram of the measured momenta pi
minus the center of mass momentum p¯ leads to the one-particle relative momentum distribution of the N = 3 system (a). The
reduced density in the center is a result of the exact form of the harmonic oscillator eigenfunctions and not a consequence of
anti-symmetrization. The inset shows a measurement of the momentum point spread function of our imaging setup plotted on
the same scale. The strong correlations between the fermions only reveal themselves in the configuration probability densities
for N = 3 (b) and N = 6 (c), where each single measurement is fixed to the same global symmetry axis.
ization of particles [12]. In comparison, ordering driven
by quantum statistics, as encountered in Pauli crystals,
only emerges at very low energies, where the particles be-
come quantum degenerate and their Fermi energy dom-
inates over temperature and trap imperfections. This
requires pristine, charge-neutral non-interacting systems
and control on very low absolute energy scales.
The detection of Pauli Crystals imposes rather chal-
lenging requirements on experiments and an experimen-
tal observation has been missing to date. The ensemble
of fermions has to be weakly or non-interacting with a
temperature low enough for the respective single par-
ticle wave functions to overlap. Ultracold atoms have
been identified as an ideal system for the study of Pauli
Crystals [11, 13]. Here, the strong coulomb repulsion ob-
structing an observation in any charged system is absent.
In ultracold gases effects of fermionic quantum statistics
have already been detected [14–16].
Here, we report the direct observation of the formation
of Pauli Crystals of ultracold fermionic atoms, confined
to a quasi two-dimensional harmonic oscillator potential.
Our measurements are performed in momentum space,
after a time-of-flight (TOF) expansion. We stress that
in the special case of a harmonic oscillator potential this
is completely analogous to a direct measurement in real
space. The in-situ wave function, given by the superpo-
sition of many Hermite polynomials, is invariant under
a Fourier transform. An expansion simply acts like a
magnification.
EXPERIMENTAL SETUP
The experimental observation of Pauli Crystals relies
on two essential capabilities: the preparation of N non-
interacting fermions in a well defined quantum state and
the detection of N -body correlations in the relative po-
sitions or momenta of these particles. We perform our
experiments with a balanced mixture of two hyperfine
states of 6Li confined by the superposition of an optical
tweezer and a single layer of an optical lattice (see Figure
1 a). The large ratio between radial (ωR ≈ 2pi×1000 Hz)
and axial (ωz ≈ 2pi × 6800 Hz) trap frequencies allows
us to work in a quasi-2D regime for sufficiently small
temperature T and particle number N . In this limit all
the atoms occupy the motional ground state in axial di-
rection and the dynamics are limited to the harmonic
confinement in radial direction.
The nth energy level of the two-dimensional harmonic
oscillator is (n+1)-fold degenerate, leading to three low-
est closed shell configurations filled with 1, 3 and 6
fermions per spin state respectively (see Figure 1 a). A
spilling technique that was initially pioneered for one di-
mensional systems [17] and that we extended to two di-
mensions [18] allows us to reach these ground state con-
figurations filled with 1+1, 3+3 and 6+6 fermions with
fidelities from 75 up to 90 %. To create a non-interacting
mixture, we make use of a Feshbach resonance [19] and
adiabatically ramp the magnetic offset field B to a zero
crossing of the scattering length a3D at 568 G once the
ground state is prepared.
We extract arbitrary N -body momentum correlations
from our system by first mapping the initial momenta
of the particles onto their position by a TOF expansion
3for a quarter trap period in a single lattice layer with
ωTOF = 2pi × 20.7(5) Hz [20]. This is followed by the
single atom detection fluorescence imaging scheme dis-
cussed in detail in Ref. [21]. By collecting on average 20
photons per atom on a single photon counting camera,
this method allows us to detect atoms of a single spin
component in free space with fidelities on the order of
95 % (see Figure 1 b). Each image obtained in this way
represents a single measurement of the in-situ momenta
pi,x and pi,y for every particle i = 1...N of one of the spin
components (see Figure 1 c). By recording many different
realizations of momentum distributions pi for the same
initial state we are able to extract any desired density
correlation function. Our TOF expansion corresponds to
a mere magnification of the in-situ wave function by a
factor of 50. This leads to an effective imaging resolu-
tion of approximately 200 nm. The natural scale of the
harmonic oscillator states is given by p0 =
√
~mωR or
l0 =
√
~/mωR ≈ 1.3µm.
PAULI CRYSTALS
Our measurements have been performed by preparing
the system at the lowest accessible temperatures with two
(N = 3) or three (N = 6) harmonic oscillator shells filled
and collecting around 10, 000 and 20, 000 TOF images
respectively. Only images where the correct number of
atoms have been detected are investigated further, lead-
ing to post selection rates of around 30 %. We process
these measurements as suggested by Ref. [11] to reveal
correlations between the fermionic particles (see Figure
1 c). In the first step, we subtract the respective cen-
ter of mass momentum p¯ from each set of momenta pi.
We find that the width of the center of mass momentum
scales with the inverse square root of the total mass (i.e.
mtot = N ·m, where m is the mass of one 6Li atom) as
expected [22].
A histogram of the remaining relative momenta yields
the one-particle momentum distribution (see Figure 2 a).
The latter expresses the probability to find one particle
with momentum px−p¯x and py−p¯y when integrating over
all possible momenta of all other particles. We stress that
the one-particle momentum density can also be obtained
from average density images without single particle reso-
lution and does not reveal any higher order correlations.
Our data, however, contains more information: we know
the full configuration of all particles in every single real-
ization of the experiment.
To extract correlations, a second processing step is nec-
essary. Due to the radial symmetry of our system, the
particles align with respect to a random axis that is dif-
ferent for each set of momenta pi. We rotate each set
independently to a new coordinate system p˜i by an angle
that minimizes the difference of the given configuration
pi to the expected crystal geometry with a fixed symme-
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FIG. 3. Melting the Pauli Crystal. N = 6 Momentum
configuration distributions for different initial state energies
(top). We find that the Pauli Crystal melts quickly when we
add energy to the initial state by modulating the trap po-
tential. The contrast C reduces linearly with the total mean
energy of the system (bottom). We extract the contrast as one
minus the ratio between the minima and maxima of a fit to
the Pauli Crystal distribution at a fixed momentum p = 2p0
(inset). The yellow lines are sine and linear fits to the data
respectively.
try axis [11]. Strong correlations in both the N = 3 and
the N = 6 particle state become apparent immediately
in the N particle momentum configuration distributions
that we obtain in this way (see Figure 2 b,c).
We compare our measurements with samples of the full
N -body wave function that are obtained from a Monte
Carlo simulation [11, 22] and find excellent qualitative
and quantitative agreement. The comparison between
experiment and theory confirms that the observed cor-
relations are the result of solely the fermionic nature of
our non-interacting particles. Due to Pauli’s principle
they avoid each other and form exactly the geometric
structures that have been predicted and termed Pauli
Crystals.
TEMPERATURE EFFECTS
We find that the observed configuration distributions
exhibit weaker modulation than the simulations we per-
form for systems at zero temperature. We quantify this
effect through the contrast C(p), which we define as one
minus the ratio of the minima and maxima of a fit to the
configuration distribution at a fixed radial momentum
4p = 2p0. Apart from technical limitations like the point
spread function of our imaging setup or fluctuations of
trap potentials, we identify the finite temperature of our
initial state as the main cause of this reduction.
To study the effect of finite temperature in more de-
tail, we “melt” the N = 6 crystal by increasing the mean
energy of the initial state (see Figure 3 top). To this
end, we modulate the confining potential at twice the
trap frequency 2ωR with variable amplitudes and take
around 3000 images at each setting. The total energy
of the system is extracted from the momentum measure-
ments and averaged over each data set. We find that the
energy of the lowest temperature initial state, without
any applied modulation, is E = 13.1~ωR. This value is
about 5 % below the expected N = 6 ground state energy
of Eg = 14~ωR. Our measurement of the energy entails
systematic uncertainties like the error on the frequency
measurement of the expansion potential ωTOF (≈ 2 %)
or the magnification of our imaging setup that both en-
ter quadratically. Taken together, these uncertainties ac-
count for the observed shift to lower energies, which is
systematic for all data points.
A comparison of the relative change in energy and
contrast clearly displays the effect of the modulation
(see Figure 3 bottom). We find that the contrast re-
duces linearly with mean energy. The fitted slope is
dC/dEexp. = −0.075(13)/~ωR. This is in qualitative
agreement with the slope of −0.048(3)/~ωR that we ex-
tract from a simulation using thermal states with some
energy cutoff as described in Ref. [13, 22]. The remaining
quantitative discrepancy can be explained by the system-
atic shift of the measured initial state energies and by
possible excitations in the axial direction in our experi-
ment. They could appear due to a residual coupling of
the modulation to the axial direction and do not con-
tribute to the transverse energy measurement. The qual-
itative agreement might be surprising at first since our
finite, non-interacting system is not expected to ther-
malize after the modulation. However, there is an enor-
mous number of degenerate states possibly contributing
at some finite excitation energy. For example, when con-
sidering excitations of N=6 particles to the next four
highest shells already 376, 740 states have to be taken
into account. The thermalization of isolated mesoscopic
systems is an exciting topic for future studies in our ex-
periment.
In conclusion, we find that the reduced contrast of our
Pauli Crystal is explained very well by the finite temper-
ature of our experiment. The ability to melt the Pauli
Crystal further strengthens the interpretation that the
observed correlations originate from the fermionic nature
of our initial state. Neither fidelity nor resolution of our
imaging technique depend on the initial state energy.
CONCLUSION
We have observed that Pauli’s principle leads to the
formation of striking geometric configurations of fermions
confined in a trap, even in the absence of any interac-
tions. In contrast to classical crystals, the structure is
not apparent in the density distribution directly but only
reveals itself in correlations between relative positions or
momenta. The ground state is a coherent superposition
of all possible crystal configurations. Our measurements
demonstrate that it is worthwhile to explore the correla-
tion environment of many-body systems beyond second
order, even in the absence of interactions. Our work lays
the foundation for future studies of correlations also in
strongly interacting samples. The comparison between
measured and expected Pauli Crystal correlations acts
as an important benchmark of our imaging method.
By a straightforward extension, the single atom imag-
ing scheme applied here can be made sensitive to the
second spin state present in our trap. This enables the
readout of correlations between the two spin components.
In a previous work, we have shown that even the meso-
scopic 3+3 and 6+6 particle systems studied here already
contain a precursor of a phase transition at finite inter-
action strengths [18]. Spin resolved detection allows us
to study the pairing correlations underlying this transi-
tion directly. Scaling up the system size will enable us
to shed further light on many open questions concerning
two-dimensional Fermi gases like the nature of its normal
phase [23] or to study the emergence of Cooper pairing
[1]. Another promising route is to set the particles in
rotation for the study of quantum Hall states [24]. The
detection of momentum correlations represents one mile-
stone on the path towards understanding many of these
complex fermionic many-body systems.
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Figure S 1. Center of Mass Motion. By increasing the
particle number from N = 3 (dark blue) to N = 6 (light blue),
we double the mass of the center of mass system. This leads
to a reduction of the width of the center of mass momentum
by a factor of 1.40(1) ≈ √2 as expected (insets). The dashed
lines are Gaussian fits to the data.
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Figure S2. Monte Carlo simulation of the N=6 crystal
at finite temperatures. To simulate the effect of higher
temperatures on the correlations, we sample a thermal N-
body density matrix. We incorporate states only up to an
excitation energy cutoff of 6~ωR to reduce the computational
cost. We follow the simulation procedure discussed in Ref.
[13]. The insets show the outcomes for two different mean
energies. The contrast (yellow points) is defined as explained
in the main text. The blue dashed line is a fit to the data.
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Figure S 3. Analysis procedure. By plotting all measured particle momenta into a single histogram we obtain the one
particle momentum density for N=3 (a) and N=6 (b). Their deviations from Gaussian functions become more apparent once
we subtract the center of mass momentum (c,d). Strong correlations between the respective particles as result of the Pauli
principle only reveal themselves after defining a common symmetry axis. This leads to the configuration probability density
(e,f).
